In this study, we exposed predator-naive, hatchery-reared juvenile rainbow trout (Oncorhynchus mykiss) to the chemical stimuli from northern pike (Esox lucius) and either trout skin extract (a chemical alarm signal) or a distilled water control to test for acquired recognition of a novel predator. Trout exposed to conspecific skin extract and pike odour significantly increased antipredator behaviour (i.e., decreased foraging and area use and increased shoaling and freezing), while those exposed to distilled water and pike odour did not. Conditioned trout were exposed to pike odour alone (versus a distilled water control) either 4 or 21 days later. When presented with pike odour 4 days postconditioning, trout significantly increased antipredator behaviour (i.e., decreased foraging and area use and increased time under cover and freezing). Trout tested 21 days postconditioning still exhibited a significant increase in antipredator behaviours when presented with pike odour alone (i.e., decreased foraging and increased freezing). These data are the first to demonstrate that hatchery-reared trout can be conditioned to recognize the chemical cues of a predator and suggest that this may serve as a strategy to train hatchery-reared fish to recognize predators prior to stocking into natural waterways.
Introduction
Hatchery-reared fishes, in particular salmonids, are routinely stocked into natural waterways in an attempt to restore or maintain stable populations. One of the major pitfalls of these stocking programmes are the dramatic levels of mortality of newly stocked individuals (Suboski and Templeton 1989) . These high levels of mortality can be attributed to naive hatchery-reared individuals failing to recognize predators due to an inability to acquire this knowledge prior to stocking (Suboski and Templeton 1989) . As a result, newly stocked individuals are at a higher risk of predation (Healey and Reinhardt 1991; Berejikian 1995; Shively et al. 1996) .
Several attempts have been made to condition hatcheryreared salmonids to recognize potential predators, but have met with limited success. Previous attempts have focussed on either pairing an aversive stimulus (i.e., electric current) and a model predator (Thompson 1966; Kanayama 1968; Healey and Reinhardt 1991) or allowing naive fry to interact with a live predator (Kanid'hev et al. 1970) . Thompson (1966) conditioned 10 000 chinook salmon (Oncorhynchus tshawytscha) fry using an electric current and then released them with untrained fish into a natural stream. He reported a reduction of mortality of only about 1% and decreased growth among conditioned versus unconditioned fish (Thompson 1966) . Healey and Reinhardt (1991) conducted a similar study with coho (Oncorhynchus kisutch) and chinook salmon fry. They reported that while the conditioning was successful in training fry to avoid a model predator, no significant difference in survival was found when conditioned versus unconditioned fry were exposed to a live predator.
Many fishes have been shown to possess chemical alarm signals, localized in the skin (e.g., Smith 1992) . These chemicals are generally only released through mechanical damage to the skin, as would occur during predation (Smith 1992) . Damage-released alarm pheromones have been demonstrated in ostariophysans (Smith 1992) and in a number of other species, including darters (Smith 1979 (Smith , 1982 , gobies (Smith 1989; Smith et al. 1991) , sculpins (Hugie et al. 1991) , sticklebacks (Mathis and Smith 1993a; Brown and Godin 1997) , poeciliids (García et al. 1992) , and one salmonid (Brown and Smith 1997) . When detected by nearby conspecifics (and some heterospecifics), these pheromones elicit an alarm response, characterized by an increase in a variety of antipredator behaviours, including dashing (or skittering), freezing, shelter use, shoaling, reduced foraging, and avoidance of areas where alarm signals have been detected (Heczko and Seghers 1981; Lawrence and Smith 1989; Krause 1993; Smith 1993a, 1993b; Brown et al. 1995a Brown et al. , 1995b Wisenden et al. 1995; Brown and Smith 1997) .
Releaser-induced recognition learning involves the simultaneous exposure to aversive (releasing) stimulus and a neutral stimulus causing learned aversion to the neutral stimuli (Suboski 1990 (Suboski , 1992a (Suboski , 1992b . The result of this learning mechanism is acquired predator recognition in which predatornaive individuals show appropriate antipredator behaviour to the cue of a potential predator even though they have had no direct exposure to the predator. Several authors have demonstrated such acquired predator recognition by pairing damagereleased alarm pheromones with the visual or chemical cue of a predator (e.g., Magurran 1989; Smith 1994a, 1994b; Chivers et al. 1995) .
Juvenile rainbow trout (Oncorhynchus mykiss) have recently been shown to possess a chemical alarm signal (Lebedeva et al. 1994; Brown and Smith 1997) . When presented with conspecific skin extract, juvenile trout exhibit significant antipredator responses, including (i) increased time spent under cover, (ii) increased time to resume foraging, (iii) increased freezing, (iv) decreased number of food items consumed, and (v) decreased area use. The purpose of this study was to determine (1) if juvenile hatchery-reared rainbow trout could be conditioned to show an alarm response to the chemical cues of a potential predator and (2) if this response is retained for an ecologically relevant period of time.
Methods

Test fish
Juvenile rainbow trout were obtained from Mainstream Hatcheries, Vanscoy, Sask., Canada. Trout were housed in 300-L Living Stream recirculating holding tanks at~15°C and a 14 h light : 10 h dark cycle. Fish were fed ad libitum daily with commercial trout food and provided supplemental feedings three times per week with frozen adult brine shrimp (Artemia franciscana).
Northern pike (Esox lucius) were collected from Pike Lake and Eagle Creek (~35 km south and 45 km west of Saskatoon, Sask., respectively) using seine nets. Pike were held in 60-L aquaria at 14°C under a 14 h light : 10 h dark cycle and were fed one or two fathead minnows (Pimephales promelas) every 3 days.
Stimulus collection
Trout skin extract (TSE)
We used 14 juvenile rainbow trout (mean ± SD = 5.06 ± 0.40 cm standard length) to generate the TSE. Trout were killed with a blow to the head (in accordance with the Canadian Council on Animal Care guidelines) and the skin removed from both sides of the body, rinsed in glass-distilled water (to remove any unwanted tissue), and placed in 50 mL of chilled glass-distilled water. A total of 49.18 cm 2 of skin was collected. We homogenized the skin, filtered it through glass wool, and added glass-distilled water to bring the final volume to 400 mL. The stimulus water was frozen in 30-mL samples at -20°C until required. As a control, we also froze 30-mL samples of glassdistilled water.
Pike odour (PO)
Prior to experiments, two northern pike (16.2 and 18.9 cm fork length) were fed a volume of 4.0-4.5 mL (measured by volumetric displacement in water) of green swordtail (Xiphophorus helleri) every 3 days for four consecutive feedings. Swordtails were used as a control diet because they lack any known alarm pheromones (Mathis and Smith 1993b) , and rainbow trout do not show any reaction to swordtail skin extract (Brown and Smith 1997) . One hour after the final feeding, the pike were removed from their holding tanks, rinsed with dechlorinated tap water (to remove any residual scales or skin from the swordtails), and placed into an identical holding tank containing fresh, dechlorinated tap water. Twelve hours later, the pike were placed into Plexiglas stimulus collection chambers (26 × 8 × 8 cm) that contained~1200 mL of dechlorinated tap water. The chambers were aerated, but not filtered. Forty-eight hours later, the pike were removed and all water in the collection chambers was filtered through glass wool and pipetted into 30-mL samples. Pike stimulus samples were frozen at about -20°C until testing.
Experiment 1. Conditioning trials
We tested six groups of five juvenile rainbow trout (mean ± SD = 6.86 ± 0.65 cm standard length) for both control and experimental treatments in 110-L aquaria. Each of the test tanks contained cover consisting of a ceramic tile (9.8 × 20 cm) mounted on three cylindrical glass legs (5.5 cm in height) and a silica sand substrate~4 cm deep. A single airstone was mounted in the centre of an end wall, and a length of airline tubing terminated near the airstone. This tube was used to introduce chemical stimuli. An additional length of airline tubing was placed in the centre of the opposite end wall and was used to deliver food items (frozen brine shrimp) to the test tank.
Conditioning trials consisted of a 10-min prestimulus and a 10-min poststimulus observation period. During pre-and poststimulus periods, we introduced five previously frozen adult brine shrimp every minute (total of 100 shrimp per trial). Throughout the observation periods, we recorded (i) time until the first food item was consumed, (ii) number of individuals that consumed a food item, (iii) total number of food items consumed, (iv) area use, (v) shoaling index, and (vi) the frequency of occurrence of freezing behaviour. Area use was recorded as the mean position of all five trout (1 = back of tank, near the cover, 2 = centre area, and 3 = front of tank, near the food delivery tube) and was recorded every 15 s. Shoaling index was also recorded every 15 s and scored from 1 (no individual within two body lengths of another) to 5 (all individuals within two body lengths of each other). Freezing was defined as when an individual ceased all movement, settled to the subtrate, and remained motionless for at least 30 s.
Prior to the prestimulus period, we removed 60 mL of water through the stimulus injection tube and discarded it (to remove any stagnant water remaining in the tube). We then removed an additional 60 mL of water and retained it. After the prestimulus observation period, we injected 30 mL of TSE and 30 mL of PO. For control trials, we injected 30 mL of distilled water (DW) and 30 mL of PO. Each group received both the DW + PO and TSE + PO treatments; thus, each group serves as its own control. Control trials began at 8:30 a.m., and experimental trials began at~1:00 p.m. Control trials were always conducted in the morning because any response to the experimental stimulus may have masked a response to the control stimulus (Smith 1982; Hazlett 1997) .
For each behavioural measure, we calculated the difference between pre-and post-stimulus observation periods. We then compared the differences for control and experimental treatments using a Mann-Whitney U-test (Siegel 1956 ). Experiment 2. Acquired predator recognition, 4 days postconditioning The purpose of this portion of the study was to determine if trout had acquired the ability to recognize a potential predator after a single exposure to conspecific skin extract and predator odour.
It has been shown that fathead minnows may show a fright response to a neutral stimulus if that stimulus is presented in the same manner as a previously alarming stimulus (Mathis and Smith 1993b) . To eliminate this possible confound, we modified the social context and test tanks for experiments 2 and 3.
After each of the conditioning trials, three of the five trout from each tank of "conditioned" fish (chosen arbitrarily) were transferred to individual test tanks. The remaining two of five trout from each conditioning trial were transferred to a 60-L holding tank for use in experiment 3. Trout in the holding tank were fed ad libitum daily as described above.
Trout were placed individually in a series of 37-L test tanks. Each tank contained an airstone and stimulus injection and food delivery tubes as described in experiment 1. Test tanks also contained a cover object (as described in experiment 1) and a substrate of silica sand 4 cm deep. Control and experimental trials consisted of a 10-min prestimulus and a 10-min poststimulus observation period. Prior to the prestimulus observation period, we removed and retained 60 mL of water as described in experiment 1. We presented one adult brine shrimp every minute during both the pre-and post-stimulus observation periods (total of 20 shrimp). During both pre-and post-stimulus observation periods, we recorded (i) time individuals spent under the cover object, (ii) area use, as described in experiment 1, (iii) time until the first food item was consumed, and (iv) total number of food items consumed. We also recorded the frequency of occurrence of freezing behaviour (as described in experiment 1).
We injected 15 mL of DW for control trials and 15 mL of PO for experimental trials. Control trials began at~8:30 a.m.; experimental trials began at~1:00 p.m. on the same day. We tested a total of 18 trout, individually.
For time spent under cover, time to capture the first food item, and total number of food items consumed, we calculated the difference between the pre-and post-stimulus observation periods. We then compared these differences between control and experimental treatments using a Mann-Whitney U-test (Siegel 1956) . The difference in occurrence of freezing behaviour between control and experimental trials was compared with a Fisher exact probability test (Siegel and Castellan 1988) . If acquired predator recognition had occurred, we predicted that the trout would exhibit significantly increased antipredator behaviour when presented with PO alone (compared with DW controls).
Experiment 3. Acquired predator recognition, 21 days postconditioning To determine if trout could retain the ability to recognize the chemical cue of a potential predator, we tested nine individual trout that had been held for 21 days after conditioning. The test tanks, experimental protocol, and statistical analyses were as described in experiment 2.
Results
Experiment 1. Conditioning trials
When presented with a mixed stimulus of TSE + PO, trout exhibited significant increases in antipredator behaviour. Trout significantly increased their time to consume the first food item when exposed to TSE + PO, but not to the DW + PO control (U n1=n2=6 = 36.0, P < 0.004; Fig. 1A) . Similarly, trout in the experimental trials exhibited a significant decrease in the number of food items consumed (U n1=n2=6 = 34.0, P < 0.01; Fig. 1B ) and the mean number of individuals eating (U n1=n2=6 = 36.0, P < 0.004; Fig. 1C ) when compared with the control trials.
Area use was significantly reduced (U n1=n2=6 = 36.0, P < Fig. 1D ) and shoaling index was significantly increased (U n1=n2=6 = 36.0, P < 0.004; Fig. 1E ) in the experimental trials when compared with the control trials. Finally, significantly more trout exhibited freezing behaviour in the experimental versus the control trials (U n1=n2=6 = 33.0, P < 0.007; Fig. 1F ). These data demonstrated that juvenile trout responded to TSE with increased antipredator behaviour, confirming the results of Brown and Smith (1997) , and that hatchery-reared trout do not recognize PO as a predation threat (i.e., are predator naive).
Experiment 2. Acquired predator recognition, 4 days postconditioning When presented with PO alone, trout that were exposed to TSE + PO only once exhibited significant increases in antipredator behaviour. Previously conditioned trout significantly increased the time to capture the first food item (U n1=n2=18 = 317.5, P < 0.0001; Fig. 2A ), reduced the total number of food items consumed (U n1=n2=18 = 311.0, P < 0.0001; Fig. 2B ), increased the amount of time spent under the cover object (U n1=n2=18 = 262.5, P < 0.002; Fig. 2C ), and decreased area use (U n1=n2=18 = 289.0, P < 0.0001; Fig. 2D ) when presented with PO compared with DW controls. In addition, significantly more occurrences of freezing behaviour were observed in those exposed to PO compared with DW (Table 1) . Experiment 3. Acquired predator recognition, 21 days postconditioning When presented with PO alone 21 days after the conditioning trials, trout still exhibited increased antipredator responses. Trout significantly increased the time to capture the first food item (U n1=n2=9 = 66.0, P < 0.03; Fig. 3A ) and significantly decreased the total number of shrimp consumed (U n1=n2=9 = 67.0, P < 0.02; Fig. 3B ) when exposed to PO alone compared with DW controls. Significant increases in freezing behaviour were also observed in those exposed to PO alone compared with DW controls (Table 1) .
No significant difference was observed between conditioned trout exposed to DW or PO for time spent under cover objects (U n1=n2=9 = 58.5, P = 0.12; Fig. 3C ) or area use (U n1=n2=9 = 52.0, P = 0.31; Fig. 3D ), although the observed trends were in the predicted direction.
Discussion
These data clearly demonstrate that juvenile hatchery-reared rainbow trout can learn to recognize PO as a predation threat when it is paired with conspecific skin extract. This recognition is achieved through a process of releaser-induced recognition learning. After only a single exposure, the trout were able to retain this acquired predator recognition, although at a reduced intensity, for a period of at least 3 weeks.
Experience with predators has been shown to significantly increase the probability of survival in a variety of salmonids. Kanid'hev et al. (1970) reported that naive hatchery chum salmon (Oncorhynchus keta) were preyed upon up to 30% more often than similar-sized wild salmon. Shortly after release, this difference dropped to between 12 and 18%, and 4 weeks after release, there was no significant difference between wild and hatchery-reared fish. Ginetz and Larkin (1976) , Patten (1977) , Olla and Davis (1989), and Berejikian (1995) have shown similar results in a variety of salmonids. All demonstrated that juveniles that have survived initial exposure to predators are more likely to survive subsequent encounters than are naive individuals. The results of Kanid'hev et al. (1970) suggest that the critical period for hatchery-reared salmonids is within the first few weeks of release. If they can survive this initial period, they may be able to acquire the recognition of potential predators and exhibit appropriate antipredator responses upon encounter of a predator. In this light, the retention of acquired predator recognition for a period of at least 3 weeks (as shown by our data) is likely sufficient to increase survival of stocked rainbow trout.
Our data suggest that by conditioning naive hatchery-reared trout to exhibit antipredator responses to the cues of a predator prior to their release, survival could be increased. Prerelease conditioning would likely reduce the learning curve of acquired predator recognition (as in Kanid'hev et al. 1970; Suboski and Templeton 1989; Healey and Reinhardt 1991) . Our results suggest that chemical cues may be an effective means by which naive hatchery-raised salmonids could be conditioned to recognize predators. Smith (1994a, 1994b) have successfully conditioned fathead minnows to respond to both the visual and chemical cues of a predator. Whether or not salmonids can be conditioned to respond to the visual cues of a predator using chemical alarm signals remains to be tested.
Upon release, the benefits of acquired predator recognition may be magnified by a mechanism of cultural transmission. Cultural transmission of behaviour is defined as the adoption of a novel behaviour by observing other individuals (conspecifics or heterospecifics) performing the behaviour (Mainardi 1980; Curio 1988; Mineka and Cook 1988; Mathis et al. 1996) . Mathis et al. (1996) have shown intra-and inter-specific cultural transmission of antipredator behaviours in fathead minnows and brook sticklebacks (Culaea inconstans).
Juvenile salmonids are often released in high numbers within a limited area (Shively et al. 1996) . As a result, predators, not normally specializing on juvenile salmonids, may be induced to shift their diet choice to this new, highly abundant, and profitable food source (Ruggerone and Rogers 1984; Fresh and Schroder 1987; Lyons 1987; Shively et al. 1996) . Dense aggregations of stocked salmonids could facilitate the cultural transmission of predator recognition. As a result, the effects of prerelease acquired predator recognition could be magnified upon stocking. In summary, we successfully conditioned predator-naive, hatchery-reared rainbow trout to recognize the chemical cues of a predatory northern pike. Our data suggest that this may be an effective means to reduce poststocking mortality of hatchery-reared salmonids.
